Abstract -A multilayer square-type piezoelectric transformer with a hole at the center was investigated in this paper. Temperature distribution at the center was improved by using this construction, therefore increasing input voltage and output power. This model was simulated and investigated successfully by applying a finite element method (FEM) in ATILA software. An optimized structure was then fabricated, examined, and compared to the simulation results. Electrical characteristics, including output voltage and output power, were measured at different load resistances. The temperature distribution was also monitored using an infrared camera. The piezoelectric transformer operated at first radial vibration mode and a frequency area of 70 kHz. The 16 W output power was achieved in a three-layer transformer with 96% efficiency and 20 o C temperature rise from room temperature under 115 V driving voltage, 100 Ω matching load, 28 x 28 x 1.8 mm size, and 2 mm hole diameter. With these square-type multilayer piezoelectric transformers, the temperature was concentrated around the hole and lower than in piezoelectric transformers without a hole.
Introduction
Based on piezoelectric materials, piezoelectric transformers were invented as a combination of an actuator and a transducer which have been used widely with the name of Rosen-type transformer. While conventional magnetic transformers use a magnetic field as a medium for energy transformation, piezoelectric transformers utilize a mechanical vibration with advantages such as higher efficiency, miniaturization, absence of electro-magnetic noise, and nonflammability [1] [2] [3] [4] [5] . These benefits have led piezoelectric transformers to be studied and applied in the development of smart grid and green technology to meet requirements such as effective energy utilization, reduction of global warming, and environ-mental protection. These transformers can be used for DC/AC or AC/DC converters, battery chargers, power supply for display, and air cleaners. Although rectangular-shaped Rosen-type piezoelectric transformers are still being applied for step-up commercial applications, various types of piezoelectric transformers using different vibration modes have been proposed and developed to obtain higher power and smaller size [6] [7] [8] [9] [10] .
Finite Element Method (FEM) and electro-mechanical plumped equivalent circuit model have been used to analyze piezoelectric transformers. Many significant design aspects such as shape, electrode pattern, and electrode position, can only be investigated with the FEM technique. FEM modeling efforts for piezoelectric transformers have been studied on the Rosen-type, ring-shaped type, circular type, and unipoled disk-type using software such as ATILA, ANSYS, and NTUPZE [11] [12] [13] [14] [15] . ATILA was utilized effectively in the simulation of new piezoelectric transformers due to its simplifications in importing data and showing results [16] .
One of the most important factors affecting piezoelectric transformers is temperature; hence, piezoelectric material and construction should be improved to obtain transformers with higher power at lower normal temperature increase. Internal losses are the heat generated which leads to the increased temperature of piezoelectric transformers, especially in high power, and the change in transformer characteristics. In previous research reports, the effects of temperature on piezoelectric material parameters were mentioned, but temperature distribution was not focused on [17] .
In this work, the modeling of a square-shaped multilayer step-down piezoelectric transformer with a central hole before the fabrication was studied using ATILA software. First, the parameters of hard piezoelectric ceramic were measured from fabricated specimens and inserted into the simulation. The effects of frequency and load resistance on the electrical properties were also studied. Temperature investigation at different load resistances and temperature distribution were carried out. Thus, the electrical properties and temperature of step-down piezoelectric transformers conforming with the simulation fabricated by piezoelectric ceramics were measured and compared to the simulated results.
Simulation and Experiment
The schematic diagram of a multilayer piezoelectric transformer with a hole at the center for improved thermal distribution is presented in Fig. 1 . In this structure, an input part has one layer, while an output part includes three layers; as a result, a low output voltage is obtained. These parts are symmetric and divided by a 1.5 mm-width isolation gap. Poling direction along with the thickness direction is indicated by arrows. Electrodes of the output part are connected by two symmetric corners to make an advanced electrode pattern. When exciting a voltage to the input part, the radial vibration is generated and transferred to the output part by the converse piezoelectric effect. The mechanical energy is then converted into electrical energy by the direct piezoelectric effect. In this diagram, the transformer model was created by GiD software, which was associated with ATILA for the calculation process. From the four-sided areas, volumes were extruded and managed with a layer function necessary to the next steps. Conditions in simulating the transformer consisted of piezoelectric ceramic with measured parameters, electrical potential (input voltage, ground, and load resistance), and polarization direction. Apart from such conditions, the thermal analysis required thermal coefficients of the material and convection factors of areas surrounding the piezoelectric transformer. The electrical boundary condition and poling direction are presented in Fig. 2 . After meshing the model systemically in 168 hexahedral elements and 1082 nodes, a modal analysis was used to find the resonance area. Harmonic analysis was then selected to investigate the transformer characteristics in this frequency area. The calculation process was carried out by ATILA software with the data transferred from GiD pre-processing, and then the results performed in GiD postprocessing. Output voltage, temperature, admittance, and impedance characteristics were displayed, and output power and temperature rise were calculated. From the simulation of difference in hole diameter and thickness, the output power and temperature rise were evaluated to choose an appropriate transformer size.
A piezoelectric transformer similar to the simulation with a 28 x 28 x 1.8 mm size and a 2 mm hole diameter was fabricated using a hard piezoelectric ceramic because of high electromechanical factor and low energy loss. Commercialgrade raw powders (Junsei Chemical Co., Ltd) of PbO (99%), ZrO 2 [18] . The ceramic powder was mixed with solvent and 1 wt% dispersant by ball-mill method for 24 h, and then 8 wt% polyvinyl butyral and 4 wt% dibutyl phthalate were added to make slurry for a tap-casting process. An 80 mm-thick green tape was made using a casting machine with a doctor blade and then dried prior to cutting in sheets and punching four corners to fix the position for the next steps. Internal electrodes were printed using Ag/Pd paste. The sheets were stacked under suitable pressure and temperature to obtain cohesion and desired thickness. The plate was cut to obtain separated samples before punching a hole at the center. After the burn-out process, samples were sintered at 1150 o C for four hours in a sealed alumina crucible with lead medium. The samples were ground at all sides, polished to make a connecting corner, and printed with external electrodes. Wires were soldered to electrodes before poling piezoelectric transformers in a silicon oil bath at 120 o C under a 3 kV/mm DC voltage. Fig. 3 shows a diagram measuring the electrical properties of the piezoelectric transformer that consists of a function generator, a power amplifier, and an oscilloscope. Temperature was determined using an infrared camera after an operating period of 20 min. An HP4294A impedance analyzer was used to investigate the piezoelectric properties of the piezoelectric transformer.
Results and Discussion
Based on the successful simulation of multilayer piezoelectric transformer on GiD-ATILA software, the thickness and hole diameter changed while the surrounding size remained at 28 x 28 mm. Characteristics, including output voltage and temperature as a function of different hole diameters and thicknesses as shown in Fig. 4 , were evaluated to select a suitable dimension. Temperature and output voltage increased with a decrease in thickness, but decreased with an increase in hole diameter. With the desired output voltage, normal temperature, and suitable fabrication, the piezoelectric transformer with 0.6 mm thickness and 2 mm hole diameter was chosen. Afterward, the transformer characteristics were simulated and investigated specifically. From Fig. 5(a) , in the frequency range of 60-90 kHz of output impedance curve, the resonance frequency area of the multilayer piezoelectric transformer was around 70 kHz, and the minimum impedance was 2.11 Ω at the resonance frequency of 67.9 kHz. In the experimental impedance curve, this impedance was 3.61 Ω at the resonance frequency of 70.2 kHz, as shown in Fig. 5(b) . From the impedance analysis, the matching impedance was 100 Ω. These values in the experiment were 27.8, 32.4, 41.8, and 51.4 V, respectively. Reasons for the difference of output voltages could be the central defection of the hole and the soldering position of the electric wire associated with the input section in the fabrication. In addition, electrode dimensions, electrode material, external connection of the electrodes, and real degree of texture due to poling were not considered; load resistance was also of concern as a distributed parameter depending on the total number of elements in the modeling [17, [19] [20] . The difference of resonance frequencies between the simulated and experimental results was 5%, but this error was very small therefore, a forced cooling method at the center of transformer is more effective. This result is shown in Fig. 7 .
Temperature rise as a function of input voltage and load resistance is presented in Fig. 8 after operating for 20 min. At low input voltage, the temperature changed slowly and differences between load resistances were small. From 80 V input voltage, the temperature increased more quickly, especially at 200 Ω due to high distinction compared to the matching load of 100 Ω. As shown in Fig. 9(a) , in the simulation, the piezoelectric transformer with a hole at the center was more effective in reducing the temperature under the 115 V input voltage than the piezoelectric transformer without a hole. Furthermore, temperature distributions of fabricated transformers were captured using an infrared camera at such conditions in Fig. 9(b) . The highest temperature of transformers with a hole was 41.4 o C, while this value was 51.9 o C at the non-hole piezoelectric transformer. The non-electrode surface and the increase of the hole area in the transformer improved the heat-transferring ability. This captured temperature distribution was different from the 3D simulation results because of the emissivity between electrodes and piezoelectric material in the practical experiment. With a large electrode area, the thermal emission ability of the printed electrode material needs to be improved to obtain better temperature distribution. The output powers as a function of input voltage and load resistance of the multilayer piezoelectric transformer are described in Fig. 10 . When the input voltage increased, output power increased sharply due to a quadratic dependence of output voltage. Input voltage was only determined up to 115 V because the temperature rise soared from this point in our measurement of piezoelectric transformers. The output power of 16 W was achieved stably at the load resistance of 100 Ω because the temperature rise was about 20 o C in the previous temperature analysis and the efficiency was 96%.
Conclusion
Heat dissipation was improved in the square-shaped three-layer piezoelectric transformer with a central hole and a 28 × 28 × 1.8 mm size in both the modeling using FEM method and the fabrication. Based on this structure, the aspects affecting the operation of the piezoelectric transformer were investigated. The piezoelectric transformer was operated at the resonance frequency of the first radial vibration mode. In contrast to the conventional multilayer piezoelectric transformer without a hole, temperature reduction was obtained in the piezoelectric transformer with a hole at the center. Thus, output power was 16 W at a stable operating condition at 115 V input voltage and 100 Ω load resistance, and this piezoelectric transformer could be used in AC/DC converters to light LED systems. Improve the method for making the central hole and simulating more appropriate electrodes, as well as the degree of texture according to practical piezoelectric transformers, are the future directions of this study.
